The purpose of this paper is to propose a practical method for optimum design of non-linear oil dampers with relief mechanism installed in multi-story framed building structures.
Introduction
There are a variety of passive dampers for building structures under earthquake ground motions [1] [2] [3] [4] . Hysteretic steel dampers (shear deformation type, buckling restrained type), viscous wall-type dampers, viscous oil dampers, visco-elastic dampers, friction dampers are representative ones. Recently viscous oil dampers (called oil dampers hereafter) are often used from the viewpoints of stable mechanical properties, low frequency and temperature dependencies and cost effectiveness, etc. together with hysteretic steel dampers. It should be emphasized that, during the 2011 Tohoku (Japan) earthquake, the Osaka WTC building of 256(m) high was shaken so hard irrespective of its long distance (800km) from the epicenter [5] .
It is said that this results from the resonance with the so-called long-period ground motion. To respond to this unfavorable situation, the retrofit of this building is under planning with oil dampers and hysteretic steel dampers. Since oil dampers induce large internal forces into building frames under intensive ground motions, it is usual to introduce the so-called relief mechanism in those oil dampers. When the internal force in the oil damper arrives at the relief force, the damping coefficient becomes small compared to the initial one and the maximum force in the oil damper is kept in a reasonable range.
Many research works have been accumulated so far on the damper optimization [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
While most of them deal with linear responses, quite a few treat non-linear responses in building structures or dampers [12, 18, 19] . However, there is no research on the optimization of location and quantity of dampers which deals directly with non-linear responses and includes simple and systematic algorithms.
The purpose of this paper is to propose a practical procedure aimed at finding the optimal distribution of relief forces of oil dampers so as to minimize the maximum interstory drift or the maximum top-story acceleration of a planar frame subjected to a set of design earthquake ground motions under the constraint on the sum of relief forces of oil dampers and on the limit state of oil dampers. The proposed procedure enables structural designers to derive a series of optimal distribution of relief forces of oil dampers with respect to the level of the sum of relief forces of oil dampers which is useful in seeking for the relation between the optimal response level and the quantity of oil dampers. Numerical examples reveal some features of the optimal distribution of relief forces of oil dampers for different design objectives (deformation or acceleration) and for different damper arrangements (whole distribution or lower concentrated allocation).
Modeling of oil dampers with relief mechanism
Consider oil dampers with a relief mechanism and a planar frame model with those oil dampers as shown in Fig.1(a) . The damping force -velocity relation of an oil damper is shown in Fig.1(b) . Although there are two oil dampers in each story, the properties are specified as the total amount in each story. Since the frame including oil dampers with the relief mechanism exhibits a non-linear behavior, time-history response analysis may be inevitable for accurate response evaluation.
For this reason, time-history response analysis is used here for the evaluation of responses and their sensitivities to the variation of relief forces. 
Formulation of problem of optimal oil damper placement
Consider an N-story planar building frame as shown in Fig.1 . The design problem treated in this paper may be stated as follows.
In this problem, d C is the specified sum of relief forces and  is the common specified value of CR R It may be time-consuming to use a full frame model especially in the time-history response analysis. To overcome this difficulty, a reduced model is introduced.
Introduction of reduced model

Static condensation of frame model into reduced model
In this section, only the reduction of a frame without oil damper is dealt with [20] . Let M , K , u and r denote the system mass matrix, the system stiffness matrix, the nodal displacement vector and the influence coefficient vector of the frame, respectively. The equations of motion of the undamped N-story planar building frame subjected to g u  may be expressed as
Let us describe Eq.(4) in more detail as follows.
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In Eq. (5), y denotes the set of nodal horizontal displacements and θ indicates the set of nodal vertical and rotational displacements. The matrices m and J are the lumped mass matrices with respect to y and θ , respectively.
K are the stiffness submatrices defined for y and θ . 1 and 0 are the vector consisting of unity only and the null vector. Eq.(5) can be expressed alternatively as a set of equations.
The neglect of the inertia term Jθ  in Eq.(6b) leads to 1 22 21
Substitution of Eq. (7) into Eq.(6a) provides
The mass and stiffness matrices of the reduced model may be expressed by 1 11 12 22 21 ,
Fig .2 shows a planar frame model and its reduced model.
Model reduction of oil dampers with relief mechanism
The reduction of oil dampers is explained in this section [21] .
Let (1)  and (1)  denote the fundamental natural circular frequency of the original frame model without oil damper and that of the reduced model, respectively. In evaluating (1)  , the vertical nodal mass of the same value of the horizontal one is taken into account and the rotational inertia is neglected.
(1)
 can be evaluated from M and K in Eq. (9) . The modes (1) u and (1) u indicate the lowest eigenmode of the original model and that of the reduced model. Let The dissipated energies of both models in the lowest vibration mode can be expressed by
The equivalence of dissipated energies between both models may be expressed by
Substitution of Eqs.(10a, b) into Eq.(11) leads to the expression of j c in terms of j c .
In Eq.(12) the expression except   2 /   is indicated by j c  . In order to determine these coefficients  and  of vibration amplitudes, let us introduce the equivalent condition of additional damping ratios of both models. The additional damping ratios of both models under the approximation of neglect of non-diagonal terms may be expressed by
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Substitution of Eq. (14) into Eq.(12) provides the expression of j c in terms of j c  (also in terms of j c )
The determination procedure of relief forces Rj d in the reduced model will be shown next.
Let us assume that both models vibrate in the lowest mode and the maximum damping forces of both models just reach to the relief forces. In this case, the dissipated energies are also expressed in terms of relief forces.
From Eqs. (11) and (16) (1)
The relief force of the reduced model may then be expressed in terms of that of the original model as
The reduction of oil dampers is based on the assumption of proportional damping expressed by Eq. (13) . Its accuracy and validity will be made clear in Section 4.3 where the comparison of the maximum interstory drifts and the maximum top-floor acceleration is provided between the frame model and the proposed reduced model.
It should also be reminded that the model reduction in Section 4.1 has been made by ignoring the vertical components of oil damper forces. However, the important aspect is whether these components are influential for the structural responses. This influence will be investigated in the following section.
Accuracy of reduced model
The accuracy of the reduced model proposed in Sections 4.1 and 4.2 is discussed here.
Consider a 10-story 3-bay steel building frame. The story height is 4(m) and the span length is 7(m). The floor mass is 120 3 10  (kg). The member cross-sections are specified based on an existing building. The fundamental natural period of the frame without dampers is 1.39(s) and the structural damping ratio of the frame is 0.02 (stiffness-proportional damping). Although the stiffness-proportional damping is adopted here, non-proportional damping can also be used without difficulty. The member second moments of area and cross-sectional areas are shown in Table 1 . The input ground motion is El Centro NS 1940 (unscaled). The time-history response analysis is conducted by the Newmark-beta method and the time increment is 0.002(s).
Two oil dampers are installed in every story with the support of V-type braces as shown in Fig.1(a) . The initial damping coefficient (below relief force) of oil dampers is set to 6 5.3 10 (N×s/m)  in every story so as to attain the additional damping ratio of 0.1 based on the assumption of neglect of non-diagonal terms in orthogonalization of damping matrices. The ratio of the second damping coefficient (above relief force) to the initial one is specified as 0.05 both in the original frame model and the reduced model. It can been confirmed numerically [22] that, if the ratio k of the supporting member stiffness to the corresponding story stiffness is larger than about 1.0, the effect of the supporting member stiffness can be neglected in the response of interstory drifts. Fig.3 shows the effect of this ratio on the response of interstory drifts.
The relief forces of oil dampers are specified here so that those relief forces are 0.5 or 1.0 of the response damping forces of oil dampers without relief mechanism (linear oil dampers).
Obviously, when this ratio L is 1.0, the oil dampers behave linearly, i.e. do not go beyond the relief force. 
Proposed practical procedure for optimal oil damper design
A practical procedure for optimal oil damper design is proposed in this paper for optimizing the oil damper allocation and reducing the computational load. There are three practical aspects: (1) The sum of relief forces of oil dampers is determined here and reduced sequentially in the subsequent step.
[
Step 2] Produce N candidate designs of relief forces in which a small relief force
reduced from the present relief force in each story and transform these N models into the corresponding reduced models. [
Step 4] Select the best candidate attaining the minimum objective function from the candidate designs produced in Steps 2 and 3.
Step 5] When an oil damper is removed from the reduced model in Step 3, the corresponding oil damper in the frame model is removed. Then go to Step 2.
The computational time required for the reduced model is approximately 20-25% of that for the frame model in the numerical examples presented in the following section. The main part of the computational time is governed by the time-history response analysis for candidate designs of the number smaller than or equal to the number of stories. In the time-history response analysis, the reduced model has remarkable efficiency against the frame model.
Numerical examples
The frame shown in Section 4. While there is a constraint on max j r , Eq.(3), there is no limit on interstory drift.
Damper allocation to all stories
In the first example, oil dampers are allowed to be allocated to all stories. 
Damper allocation to lower stories
In the second example, oil dampers are allowed to be allocated to lower half stories. 
Comparison of optimal design with damper allocation to all stories and optimal design with damper allocation to lower stories
It seems useful to compare the optimal design with damper allocation to all stories and the optimal design with damper allocation to lower stories. that the optimal design with damper allocation to all stories exhibits a performance superior to the optimal design with damper allocation to lower stories both in the maximum interstory drift and the maximum top-floor acceleration. This phenomenon can also be seen both in Design D
and Design A.
Global optimality of solution
To demonstrate the global optimality of the solution derived by the proposed algorithm, numerical simulation has been conducted. One hundred designs have been generated with two given total relief forces ( d 1300kN,3000kN 
Conclusions
The following conclusions have been obtained.
(1) A practical procedure has been proposed which is aimed at finding the optimal distribution of relief forces of oil dampers so as to minimize the maximum interstory drift (Design D) or the maximum top-story acceleration (Design A) of a planar frame subjected to a set of design earthquake ground motions under the constraint on the sum of relief forces of oil dampers and on the limit state of oil dampers.
(2) The proposed procedure enables the derivation of a series of optimal distribution of relief forces of oil dampers with respect to the level of sum of relief forces of oil dampers which is useful for structural designers seeking for the relation between the optimal response level and the quantity of passive dampers. * In both Design D and Design A, the sum of relief forces of oil dampers can be decreased to almost the half of the initial value without the increase of the maximum interstory drifts.
* Design A is robust in the sense that the increase of the top-floor maximum acceleration is insensitive to the decrease of the sum of relief forces of oil dampers.
* As the sum of relief forces of oil dampers becomes small to some extent, the optimal distribution of relief forces is difficult to get continuously. This may result from the fact that the constraints on damping forces are easy to be violated.
The observations are based just on the results of the two applicative examples and further investigation is necessary for general conclusions. Table 2 shows the maximum interstory drifts and the maximum top-story accelerations for these three ground motions in two damper allocations. In addition, Fig.27 presents the maximum damping force ratios (to the relief force) for these three ground motions in two damper allocations. It can be observed that El Centro NS 1940 provides the response envelope.
Since the response analysis is conducted for L=1.0 under El Centro NS 1940, the maximum damping force ratios are 1.0 for El Centro NS 1940. Table 1 Member properties of frame Table 2 Maximum interstory drifts and maximum top-story accelerations for three ground motions in two damper allocations (initial design) 
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